Abstract: In chronic kidney disease (CKD), decreased erythropoietin production, low serum active vitamin D levels, and high renin-angiotensin-aldosterone activities had been regarded as major causes of renal anemia. At present, no clinical data are available to elucidate the association between renal anemia and fibroblast growth factor 23 (FGF23) levels in CKD. This study aimed to access whether FGF23 is involved in the pathogenesis of renal anemia.
INTRODUCTION

C
hronic kidney disease (CKD), a clinical syndrome related to decreased glomerular filtration rate, is a growing and international public health problem. [1] [2] [3] With deterioration of renal function, patients suffer from various complications such as fluidelectrolyte imbalance, acid-base abnormalities, aberrant calciumphosphate homeostasis, and decreased red blood cell production. A recent study revealed that the prevalence of anemia in individuals with CKD was 15.4%, and this prevalence increased with more advanced stages of CKD, from 8.4% to 53.4%, by analyzing the data from the National Health and Nutrition Examination Survey. 3 Renal anemia is one of the established risk factors for cardiovascular disease (CVD) and congestive heart failure in CKD patients. 4, 5 The causes for this anemia are multifactorial in origin, which included decreased erythropoietin production, iron deficiency, malnutrition-inflammation, vitamin D insufficiency, and uremic toxin accumulation. [6] [7] [8] In addition, the renin-angiotensin-aldosterone activity (RAA) was also depicted to have a direct effect on erythropoiesis. [9] [10] [11] Fibroblast growth factor 23 (FGF23), primarily secreted by osteocytes, is a phosphaturic hormone to increase urinary phosphate excretion and to suppress renal vitamin D synthesis. 12, 13 Serum FGF23 level was found to increase once estimated glomerular filtration rate (eGFR) is lower than 90 mL/min/1.73 m 2 , [14] [15] [16] and was found to be associated with an increase of CVD, left ventricular hypertrophy, and mortality rate in both nondialysis and dialysis CKD patients. 17, 18 Not only a direct effect of FGF23 on both pre and postnatal erythropoiesis inhibitions was recently reported in an animal study, 19 but also a positive correlation between FGF23 and hemoglobin (Hb) levels was portrayed in hemodialysis patients by Akalin et al. 20 Meanwhile, a negative relationship had disclosed between serum FGF23 and aldosterone levels in another animal study, both of which may had an impact on renal anemia. 21 However, at present, this relationship between Hb and FGF23 levels is not available in nondialysis CKD patients. Accordingly, we sought to examine the correlation between anemia, RAA, FGF23, and vitamin D levels in patients with moderate to advanced CKD.
METHODS
Study Population
Fifty-three patients who were firstly diagnosed as CKD were recruited from outpatient nephrology clinics at the ShinKong Wu Ho-Su Memorial Hospital Medical Center for this cross-sectional observational study between May 2013 and December 2014. Our inclusion criteria were an age !20 years and a sustained (!3 months) decrease in eGFR 60 mL/min/ 1.73 m2 based on the 4- 
Clinical and Laboratory Data Collection
Vital signs, demographic data, comorbid conditions, and current medications were recorded at enrollment. Fasting blood samples were collected, centrifuged, separated into aliquots, and stored at À208C for future batched analyses. The testing for different parameters was conducted with standard commercial assays and automated test machine (Beckman AU), including glucose (mg/dL), Hb (g/dL), blood urea nitrogen (BUN, mg/dL), creatinine (Cr, mg/dL), sodium (Na, mEq/L), potassium (K, mEq/L), magnesium (Mg, mg/dL), ionized calcium (iCa, mg/dL), phosphate (P, mg/dL), albumin (g/dL), uric acid (mg/dL), alkaline phosphate (alk-p, IU/L), HbA1c (%), total cholesterol (TC, mg/dL), triglyceride (TG, mg/dL), ferritin (ng/mL), and iron saturation (iron/iron binding capacity, %) levels. Intact parathyroid hormone (iPTH, pg/mL) concentration was measured by using the Roche Elecsys assay (Roche Diagnostics, www.roche.com). Plasma renin concentration (pg/mL) and aldosterone (pg/mL) levels were measured by the immunoradiometric kit (Cisbio, www.cisbio.com). We used a chemiluminescent immunoassay technology for the quantitative determination of 25-hydroxyvitamin D (25[OH]D, ng/mL; Diasorin, diasorin.com]) levels. FGF23 level was measured in duplicate with a 2-site enzyme-linked immunosorbent assay that detects 2 epitopes in the carboxyl-terminal portion of FGF23 (Immutopics, immutopicsintl.com). Spot urine samples were obtained and K, Ca, P, Mg, and protein levels were determined.
Statistical Analyses
Clinical characteristics were expressed with standard descriptive statistics. We used the Pearson correlation coefficient to examine the correlation between variables, and Spearman rank correlation coefficient was adopted when the data deviated from the normal distribution assumption. We also determined the basic difference in those with FGF23 levels lower and higher than the median by chi-square test for categorical data and Mann-Whitney U test for continuous data due to the normal assumption deviation. A logistic regression was used to determine the risks of FGF23 >200 pg/mL. Next, we performed multivariable linear regression analyses to investigate the independent association between FGF23 and Hb levels. We divided FGF23 into 2 groups by median levels, and continuous FGF23 were natural log-transformed (ln) to approximate a normal distribution. A separate regression model was used to model the change of Hb as a function of an FGF23 >200 pg/mL or ln(FGF23) using a modified stepwise procedure with 5 modeling steps ( Table 1) . We also performed subgroup analysis by the factors of DM, age, sex, and eGFR. A P value 0.05 was considered statistically significant. All statistical analyses were performed using the statistical package for social sciences statistical software (SPSS version 16; IBM Inc, Chicago). 
RESULT Patient Characteristics
The mean age and eGFR in these 53 incident CKD patients were 66.4 AE 12.8 years and 33.5 AE 13.9 mL/min/1.73 m 2 , respectively. Among them, 21% were diabetic and 72% were male. Median FGF23 level was 200 (25th-75th percentile, 124-303) pg/mL and with a right skewed distribution ( Figure 1 ). Demographic and clinical data for the participants who were stratified according to the median FGF23 level were listed in Table 2 . Those patients with FGF23 levels greater than the median level had significantly higher BUN, P, and K levels, lower eGFR and aldosterone levels, and were more diabetic (P < 0.05 for all). No differences were found not only in 25-hyroxyvitamin D (25[OH]D), BMI, iron profile, albumin, lipid profile, urine protein-creatinine ratio (UPCR), and urine electrolyte concentrations but also in renin-angiotensin systemblockade use among subgroups stratified by the median FGF23 level. The median 25(OH)D level was 19.5 (25th-75th percentile, 14.0-25.9) ng/mL, and median Hb level was 12.7 (25th-75th percentile, 10.7-13.75) g/dL.
The Association Between Hemoglobin and FGF23, Aldosterone, and 25(OH)D Levels Figure 2 shows that Hb levels in CKD patients revealed a negative correlation with ln(FGF23) (r ¼ À 0.290, P ¼ 0.03), a positive correlation with aldosterone (r ¼ 0.207, P ¼ 0.04) level, and no significant correlation with 25(OH)D levels in crude analysis. This correlation between Hb and ln(FGF23) levels, however, became insignificant after a multivariate adjustment. Besides, a significant difference in Hb concentrations was observed in patients whose FGF23 levels were below and above the median level (13.1 AE 2.0 vs 11.4 AE 1.98 g/dL; P ¼ 0.004). A significant correlation was observed between Hb and high median FGF23 levels (>200 pg/mL) in our unadjusted analysis. Moreover, this correlation remained unchanged after adjustment for demographic characteristics, eGFR, and other anemia-specific risk factors (Table 1) .
However, this correlation became insignificant (b ¼ À 0.990; 95% confidence interval [CI], À2.066 to 0.085) after further adjusting for serum aldosterone level. Ln(FGF23) has a significant, negative correlation with eGFR (r ¼ À0.493; P < 0.001), but has no correlation with serum 25(OH)D, aldosterone, and albumin levels (all P > 0.05) in our CKD patients (Figure 3 ).
Determinants of Higher FGF23 Level
The determinants of a FGF23 level greater than the median level (>200 pg/mL) in our patients were delineated in Table 3 . In a univariate regression analysis, a FGF23 level >200 pg/mL was found to be significantly correlated with diabetes, low eGFR, low aldosterone, and high P levels (all P < 0.05). In a stepwise multivariate analysis, only diabetes (odds ratio [OR] 4.175; 95% CI, 0.146-15.207) and eGFR (OR 0.941; 95% CI, 0.896-0.987) were independently correlated with a FGF23 level >200 pg/mL.
Subgroup Analysis
We also investigated the association between Hb and FGF23 levels by performing analyses in subgroup of patients who were stratified according to age (>65 and 65 years), sex, eGFR (>30 or 30 mL/min/1.73 m 2 ), and history of diabetes. After the multivariate adjustment, there is a significant exacerbation of Hb decrease in the higher FGF23 group with a diabetes history (Table 4 ). Furthermore, FGF23 that greater than 200 pg/mL in the male sex had a nearly significant effect on the decline of Hb levels.
Further analysis showed that median FGF23 and aldosterone levels significantly correlated with Hb level only in the diabetes group (r ¼ 0.621,; P ¼ 0.003). However, there was no significant correlation between Hb, continuous FGF23, median FGF23, aldosterone, and 25(OH)D levels in the nondiabetes group (Table 5) .
DISCUSSION
Enhanced secretion of FGF23 is regarded as a major cause for the elevation of serum FGF23 levels in CKD patients. 23 Higher FGF23 levels are related to higher mortality, exacerbated CKD progression, and more cardiovascular events in dialysis patients. 17, 24 In our cross-sectional study of 53 incident CKD participants, FGF23 that higher than the median level were independently correlated with Hb levels, and this finding is consistent with the results from an animal study. 19 The correlation between FGF23 and Hb levels was independent of traditional anemia risk factors and was unchanged after adjusting for 25(OH)D levels, suggesting that the relationship was not mediated by vitamin D. In contrast, the strength of the correlation between FGF23 and Hb levels was weakening after adjusting for aldosterone levels, suggesting a partial mediation by aldosterone. The higher FGF23 levels (>200 pg/mL) were as an independent risk factor for Hb levels after the multivariable adjustment, indicating that the effects of FGF23 on Hb levels had a threshold.
It is reasonable that higher FGF23 levels correlated with decreasing eGFR, which would also coexist with higher BUN, P, and K levels. 14, 16 FGF23 is not only a key regulator of renal sodium reabsorption and plasma volume expansion by direct up-regulation of distal tubular Na þ :Cl À cotransporters (NCC), but also directly suppress the serum aldosterone levels, which showed a synergic effect on NCC activation. 21 Our data supported this finding because we observed a negative correlation between FGF23 >200 pg/mL and aldosterone concentrations. However, Imazu et al 25 found a positive correlation between aldosterone and FGF23 in early CKD patients (eGFR >40 mL/ min/1.73 m 2 ). The explanation for this discrepancy may be that the volume status was not high enough to suppress the serum aldosterone level in their earlier CKD patients compared with that in our late CKD patients. Winther et al 26 had reported that hyperinsulinemia could induce FGF23 elevation in diabetic patients, which may explain our finding that patients with higher FGF23 levels showed a greater likelihood of diabetes history. A possible link for this phenomenon is that insulin could increase renal reabsorption of phosphate and consequently lead to hyperphosphatemia development, 27 thus inducing an elevation of FGF23 levels. Our data showed that higher FGF23 levels had more significant effects on decreasing Hb levels only in the diabetic CKD patients.
The RAA played a pivotal role in regulating blood pressure, decreasing proteinuria, and delaying renal function deterioration in CKD patients. 28 However, various clinical and animal studies had reported an association between RAA and erythropoiesis. [9] [10] [11] Severe anemia is thought to be mediated by suppressing the action of angiotensin II, both as a growth factor of erythroid progenitors and as a regulator of erythropoietin secretion, therefore, can impair erythropoiesis. 29, 30 The higher FGF23 levels were associated with lower aldosterone levels, indicating a lower RAA, which may be through the action of volume expansion. Previous studies found that aldosterone was associated with vascular calcification by inducing osteoinductive signaling in vascular smooth muscle cells, 31, 32 and FGF23 may ameliorate this effect via klotho. 33 Moreover, serum aldosterone levels had been demonstrated to play a role in the correlation between FGF23 and Hb levels in our study. Therefore, we hypothesized that FGF23 may a negative impact on erythropoiesis either directly through a suppressive effect or indirectly through low RAA. However, this hypothesis warranted to be examined. Meanwhile, aldosterone was also shown to have a significant correlation with Hb in our diabetic patients only. It is plausible to presume that diabetes itself may interplay in the intricate loop among FGF23, Hb, and aldosterone levels in CKD. Several studies had indicated that vitamin D supplements increased erythropoietin-receptor expression and proliferation of erythroid precursors in vitro and in vivo. [34] [35] [36] Not only a reverse correlation between vitamin D and Hb concentrations was observed in a large cross-sectional cohort of early CKD patients, 37 but also aggressive supplements of nutritional vitamin D can increase Hb concentrations in chronic dialysis patients. [38] [39] [40] However, our data showed that serum 25(OH)D levels were not correlated with Hb levels and also not related to the effect of FGF23 on decreasing Hb levels. We believed that other factors, beyond serum 25(OH)D concentration, may be relevant to Hb level in patients with CKD stages 3 and 4.
Iron deficiency can stimulate FGF23 transcription in osteocytes 41 and would have an inverse correlation with serum C-terminal FGF23 level in humans. 42 Conversely, rapid intravenous iron loading can decrease the C-terminal FGF23 levels 43 ; however, the exact mechanism remains unclear. The iron seems to have a mediating role between the FGF23 and Hb levels. To preclude the effect of iron deficiency in anemia, we adjusted the iron parameter in the regression model. Our findings showed that the correlation between FGF23 and Hb was independent of iron status in CKD patients.
Our study had some limitations. First, it was a crosssectional design. Therefore, the causation between FGF23 and anemia could not be inferred. However, our data added to growing evidences that FGF23 has a central role in renal anemia in individuals with CKD and are consistent with results from animal studies. 19 Second, the patient population was small; nevertheless, this concern may be less important because there was a significant correlation between FGF23 and Hb levels. Third, the present data are limited to a single center, which may not be representative of all CKD populations. Therefore, further large-scale and multicenter studies are needed to verify our findings. Finally, 1,25(OH) 2 D levels were absent in our study, which is an active form of vitamin D. However, we adopted the total 25(OH)D level to alleviate this drawback.
CONCLUSIONS
A negative correlation was found between serum FGF23 and Hb levels in our patients with CKD stages 3 and 
